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Compared to the significant body of work devoted to surface engineering for promoting dropwise 
condensation heat transfer of steam, much less attention has been dedicated to fluids with lower interfacial 
tension. A vast array of low-surface tension fluids such as hydrocarbons, cryogens, and fluorinated 
refrigerants are used in a number of industrial applications, and the development of passive means for 
increasing their condensation heat transfer coefficients has potential for significant efficiency 
enhancements. Here we investigate condensation behavior of a variety of liquids with surface tensions in the 
range of 12 to 28 mN/m on three types of omniphobic surfaces: smooth oleophobic, re-entrant 
superomniphobic, and lubricant-impregnated surfaces. We demonstrate that although smooth oleophobic 
and lubricant-impregnated surfaces can promote dropwise condensation of the majority of these fluids, 
re-entrant omniphobic surfaces became flooded and reverted to filmwise condensation. We also 
demonstrate that on the lubricant-impregnated surfaces, the choice of lubricant and underlying surface 
texture play a crucial role in stabilizing the lubricant and reducing pinning of the condensate. With properly 
engineered surfaces to promote dropwise condensation of low-surface tension fluids, we demonstrate a four 
to eight-fold improvement in the heat transfer coefficient. 

Condensation of vapor is a crucial part of a wide range of industrial processes from power generation and 
distillation to liquefaction and refrigeration' In the past eight decades, significant attention has been 
devoted to the study of underlying mechanisms, methods, and materials for enhancing the condensation 
heat transfer rate of steam by promoting dropwise condensation. In particular, hydrophobic coatings on intrins- 
ically hydrophilic metal condenser surfaces have been used to increase condensation heat transfer coefficients of 
water by up to an order of magnitude by forcing steam to condense into individual drops instead of a thick 
thermally- insulating film' More recent studies have utilized nanoengineered textured surfaces to further 
enhance dropwise condensation'''"^'. 

In contrast, fewer studies have been devoted to finding methods of enhancing condensation of lower surface 
tension liquids. Some strategies have been pursued for enhancement of filmwise condensation heat transfer of 
methane, refrigerants, and other low-surface tension fluids, including passive techniques such as fabrication of 
fins and channels on the condenser surface*"'^"^^ and active methods such as vibration, electrostatic fields, and 
suction^^""". However, these techniques remain limited by the fundamental constraint of filmwise wetting beha- 
vior and could greatly benefit from promoting dropwise condensation. Previous studies on dropwise condensa- 
tion are primarily devoted to steam, with a few studies of fluids with high or moderate surface tension^'"'' or 
Marangoni dropwise condensation of binary mixtures'"^"*. To our knowledge, dropwise condensation of fluids 
with a surface tension, y/v, less than 20 mN/m has not yet been demonstrated, since many of the materials 
commonly used as non-wetting modifiers do not have a critical solid surface energy low enough to prevent 
filmwise wetting. For example, methane (iVv = 9 mN/m at 293 K) and the refrigerant R-134a (yjv = 18 mN/m at 
90 K) will both spread on a poly-tetrafluoroethylene surface (PTFE, = 18 mj/m^) and would exhibit filmwise 
condensation'" '''^. Accordingly, promotion of dropwise condensation necessitates the use of highly-fluorinated 
low-surface energy materials such as trichloro (lH,lH,2H,2H-perfluorooctyl) silane (fluorosUane, y^ = 10.1 mj/ 
m^, see Supporting Materials). However, even on these surfaces, the drop contact angle will be significantly below 
90°. 
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Figure 1 | Estimated heat transfer coefficient for low-surface tension fluids, (a) Heat transfer coefficient estimated by Kim and Kim model^^ for 
water and octane with fixed base diameters at 1.4 mm for octane and 2 mm for water, (b) Estimated increase in heat flux (g") vs. subcooling (AT) for 
filmwise and dropwise condensation of octane and water. 



Since increases in drop contact angle above 90° have been shown 
to significantly affect the heat transfer coefficient, /j a decrease 
of contact angle is also likely to impact h. To quantify this effect, we 
used a model developed by Kim and Kim"*^ to explore heat transfer 
during condensation of drops with contact angles less than 90°. We 
estimated the variation of the heat transfer coefficient with contact 
angle for an illustrative low-surface tension fluid, octane, at a satura- 
tion temperature of 293 K condensing on a subcooled vertical sur- 
face with contact angle varying between 0° and 150° (see Supporting 
Information for details of the analysis). The plot in Fig. 1 shows that 
the heat transfer coefficient decreases as the contact angle decreases 
below about 90° for water, and below about 60° for octane. Despite 
this effect, a comparison of h during filmwise and dropwise con- 
densation of water and octane, shown in Figure lb as the slope of ((' 
vs. AT, reveals about seven-fold increase in heat transfer coefficients 
from about 3 kW/m^K to about 20 kW/m^K in the case of octane. 

Motivated by the above results, we examine the fundamental 
design criteria of a surface for promoting dropwise condensation 
of low-surface tension fluids. The most basic condenser surface must 
have a critical surface energy appreciably lower than that of the 
condensate to result in a finite wetting angle, and a contact angle 
hysteresis low enough to allow condensate drops to shed before they 
coalesce to form a continuous fUm™ '". Beyond a simple smooth non- 
wetting surface, textured superhydrophobic surfaces have been 
employed to further enhance the dropwise condensation heat trans- 
fer coefficient. If the surface is sufficiently rough, it will promote a 
mode of water condensation commonly referred to as "jumping 
condensation"'''''''' However, this phenomenon relies on a large 
difference in surface energy between the condensate and solid surface 
in order to promote a robust Cassie-Baxter state'"*"^". In the case of 
low-surface tension liquids, a Cassie-Baxter state is significantly 
more challenging to maintain. Superomniphobic surfaces have been 
demonstrated to overcome this challenge by employing re-entrant 
textures to promote a Cassie-Baxter state even with low-surface ten- 
sion liquids such as ethanol = 24.8 mN/m)^'"^'. However, as with 
water condensate flooding of superhydrophobic surfaces, it is pos- 
sible that re-entrant surfaces might lose their superomniphobic char- 
acteristics during condensation of low-surface tension fluids due to 
nucleation and growth of condensate drops within the texture""^"''''. 
To overcome the challenge of condensate impalement, Anand et al.'^ 
recently demonstrated that the departure diameter of condensing 
water drops can also be significantly decreased by impregnating a 
micro/nano-textured surface with a thin film of a lubricant that is 
immiscible with water. Such lubricant- impregnated surfaces have 
been shown to possess omniphobic, low hysteresis, self-cleaning, 
self-healing properties™ 



Here, we investigate the condensation of a variety of liquids with 
low surface tensions (12 to 28 mN/m) on smooth oleophobic, 
lubricant-impregnated, and textured superomniphobic surfaces. 
Specifically, we used a custom built condensing chamber to study 
condensation of perfluorohexane, pentane, hexane, octane, isopro- 
panol, ethanol, toluene, and, as a reference, water. The surfaces tested 
in the present study include both smooth and textured silicon wafers 
functionalized with fluorosilane coatings. The textured samples were 
vapor-deposited alumina- sUica nanotextures" (Fig. 2a), spray-coated 
re-entrant structures'"'' (Fig. 2b), and microposts (Fig. 2c). Wettability 
and condensation of all the textured surfaces was studied before and 
after imbibition with Krytox perfluorinated oil (Krytox-1506 from 
DuPont, Fig. 2d, e, f). This lubricant was selected primarily because 
its surface tension (i'/^ =17 mN/m) is low enough to promote drop- 
wise condensation of most condensed fluids while avoiding cloak- 
ing"", and also because of its low vapor pressure, broad chemical 
inertness, and immiscibility with most of the condensed fluids. 

Results 

Wettability and contact angle hysteresis. Advancing and receding 
contact angles and hysteresis of the condensing liquids on the smoo- 
th oleophobic, nanotextured, and Krytox-impregnated nanotextured 
surfaces were measured using the pendant drop method. On the 
nanotexture, although the advancing contact angle of water was 
greater than 160° with a contact angle hysteresis less than 5°, we 
found that all low-surface tension liquids spread over the texture. 
On the superomniphobic surface, ethanol wet in a Cassie-Baxter 
state with an advancing angle of 147 ± 3°'"'', and the fi-alkanes wet 
in the Wenzel state with an advancing contact angle of —50°. Since 
the surface is 50% PMMA, it was incompatible with toluene and 
isopropanol. Perfluorohexane spread completely on all surfaces 
due to its low surface tension, and since it is almost completely 
miscible with Krytox, it also spread on all lubricant-impregnated 
surfaces. The contact angles of the non-spreading liquids on the 
smooth oleophobic surface and Krytox-imbibed nanotexture are 
shown in Table 1. 

Condensation behavior on smooth and textured surfaces. Next, we 
investigated condensation behavior of all fluids on four surfaces: 
smooth oleophobic wafer, dry superomniphobic texture, and the 
Krytox-impregnated and unimpregnated nanotexture. On the flat 
oleophobic surface, we observed continual formation and shedding 
of drops of all fluids with exception of perfluorohexane (Fig. 3a also 
see Supplemental Video 1 for example of pentane condensation on 
the flat oleophobic surface). For the fluids with which the super- 
omniphobic texture was compatible, namely water, ethanol, and 
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the «-alkanes, the surface exhibited filmwise condensation. On the 
unimpregnated nanotexture, although condensation of water led to 
self-propelled jumping droplet motion, all of the low-surface tension 
fluids flooded the surface (Fig. 3b). Finally, on the Krytox-impre- 
gnated nanotexture, condensation of water, toluene, pentane, octane, 
and hexane led to continual formation and shedding of drops 
(Fig. 3c) whereas condensation of perfluorohexane, ethanol, and 
isopropanol, led to filmwise condensation. 

The continual shedding of drops of all liquids (with exception of 
perfluorohexane) from the smooth oleophobic surface can be 
explained by its combination of moderately high contact angle and 
low contact angle hysteresis". However, since the advancing contact 
angles of all of low-surface tension fluids on the sUanized solid was 
significantly below 90° (see Table 1), the addition of surface rough- 
ness should amplify the wetting properties of the surface according to 
Wenzel's equation'*'^'™: 



cos{Ow) =r cos(Oe) 



(1) 



where 0„ and 0^ are the Wenzel and Young equilibrium contact 
angles, respectively, and r is the ratio of the actual and projected 
areas. Hence, flooding of a textured sUanized surface would be 



expected whenever condensing a low-surface tension fluid with an 
equilibrium contact angle less than 90°. However, such wettability 
arguments cannot be used to explain condensation behavior on the 
re-entrant superomniphobic surfaces. These surfaces have been 
shown to repel macroscale drops of ethanol and other low surface 
tension liquids due to their re-entrant geometrical features, where the 
wetting state is described by a modified Cassie-Baxter equation^^"*. 
During condensation, since nuclei of condensing liquids have critical 
diameters of only a few nanometers^^, they can easily nucleate within 
the roughness features of the re-entrant texture, similar to what was 
shown previously for water'"'"^''''''^''. This behavior prevents forma- 
tion of the Cassie-Baxter wetting state necessary for omniphobicity 
and leads to the flooding observed on the spray-coated superomni- 
phobic surface during condensation. 

Condensation behavior on lubricant-impregnated surfaces. 

Impregnation of the textured surfaces with the perfluorinated oil 
dramatically alters macroscale wetting and condensation behavior 
of all the fluids and highlights the importance of the surface 
morphology. The wetting states for all of the condensing liquids on 
the Krytox-impregnated nanotexture, except for perfluorohexane 
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Oa 
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JO 


liquid 


[mN/m] 


[deg] 


[deg] 


[deg] 


[deg] 


[deg] 


[deg] 


water 


72.7 


119. 5 ± 2.1 


92.3 ± 2.7 


27.2 ± 3.5 


118. 8 ± 1.0 


1 16.8 ± 0.5 


2.0 ± 0.8 


toluene 


27.9 


75.3 ± 1.2 


45.0 ± 1.7 


30.3 ± 1.5 


66.0 ± 1 .0 


35.3 ± 2.5 


30.7 ± 3.1 


ethanol 


24.8 


66.5 ± 0.6 


37.3 ± 1.9 


29.3 ± 2.2 


57.8 ±4.0 


0.0 


57.8 ± 4.0 


isopropanol 


20.9 


58.3 ± 2.5 


35.5 ± 2.4 


22.8 ± 1.7 


41.3 ± 2.6 


0.0 


41.3 ± 2.6 


pentane 


15.1 


50.3 ± 0.5 


9.3 ± 1.7 


41.0 ± 2.2 


35.3 ± 0.5 


5.2 ± 2.1 


20.1 ± 1.5 


hexane 


18.0 


57.3 ± 2.5 


30.7 ± 1.2 


26.7 ± 1.5 


44.0 ± 1 .0 


1 1.3 ± 3.5 


32.7 ± 4.0 


octane 


21.1 


66.7 ± 0.6 


34.7 ± 0.6 


24.0 ± 1.0 


55.3 ± 0.6 


43.0 ± 3.6 


12.3 ± 3.8 


perfluoro-hexane 


12.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 
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Figure 3 | Effect of condensate interfacial tension on condensation mode 
on different surfaces. Condensation of various low-surface tension 
fluids on a (a) flat oleophobic surface, (b) unimpregnated nanotexture, 
and (c) Krytox-impregnated nanotexture. DWC and FWC stand for 
dropwise and filmwise condensation, respectively. 



Figure 4 | Wetting states of condensing fluids on Krytox-impregnated 
surfaces. The x-axis shows the spreading ratio of the lubricant on the solid 
in the presence of condensate. Dotted vertical lines correspond to 
roughness ratios on nanotexture and superomniphobic texture. 

since it is miscible with Krytox, are calculated from Eq. 2 and 
depicted in Fig. 4a, b, c. It has been shown that if the spreading 
coefficient (Sis(c)) of the lubricant (subscript 1) on the solid 
(subscript s) in the presence of condensate (subscript c) is greater 
than zero, i.e. Sis(c) > 0, then the condensate drops will float on a thin 
film of lubricant with virtually no pinning (Fig. 4c)''''. If Sis(c) < 0, then 
in order to prevent the condensate from displacing the lubricant 
(Fig. 4a), the surface lubricant and solid must possess surface 
energies in relation to the surface roughness such that 



<^<0 



(2) 



where r is the ratio of the actual surface area to the projected surface 
area and (fi is the solid/condensate fraction". We observed that 
isopropanol and ethanol exhibited filmwise condensation. These 
liquids have a higher liquid/vapor interfacial tension than pentane 
and hexane, thus it was surprising to see that they display filmwise 
behavior while pentane and hexane displayed robust dropwise 
shedding behavior. This behavior can be explained by noting that 
the spreading coefficient of Krytox in the presence of isopropanol 
and ethanol is much lower than with pentane or hexane (Fig. 4d), so 
the former two liquids act to destabilize the lubricant film and impale 
the solid texture. These experiments highlight the importance of the 
spreading coefficients of the lubricant on the solid surface not only in 
the presence of vapor, shown below in Table 2, but also in the 
presence of the condensate. 

The average base diameters of shedding drops were measured (see 
Table 3) to further investigate the effects of wetting state on con- 
densation behavior. We observe a difference in shedding diameter of 
the different liquids on the same surface, which do not follow the 
same trend as the departure diameters on the smooth oleophobic 
surface. We attribute this behavior to the difference in wetting state of 
the lubricant film beneath the condensate drops. The small departing 
diameters of toluene (1.3 ± 0.2 mm) and pentane (1.2 ± 0.1 mm) 
compared to hexane (2.4 ± 0.1 mm) and octane (2.2 ± 0.2 mm) can 
be explained by their larger spreading ratio. Since the spreading 
coefficient of Krytox in the presence of toluene and pentane is larger 
than with hexane and octane, the former two liquids tend to stabilize 
the lubricant film underneath condensate drops, leading to reduced 
pinning and thus smaller departing diameters. 

To further elucidate the influence of texture on the stability of the 
lubricant film, we investigated the condensation of pentane on the 



SCIENTIFIC REPORTS | 4:4158 | DOI: 1 0. 1 038/srep041 58 



4 



Table 3 | Base diameters of condensing drops shedding from flat 
oleophobic surface and Krytox-impregnated nanotexture mea- 
sured at lO minute intervals 




smooth 
oleophobic 




<rytox-impregnated 




surface 




nanotexture 








c^faose(0 min 


dfcosellO min) 


c/fcase(20 min) 


liquid 


[mm] 


[mm] 


[mm] 


[mm] 


water 
toluene 


2.2 ± 0.2 
2.7 ± 0.6 


1.0 ± 0.1 
0.8 ± 0.1 


1.0 ± 0.1 
1.3 ± 0.2 


1.0 ±0.1 
1.5 ± 0.1 


ethanol 


2.0 ± 0.1 


filmwise 


filmwise 


filmwise 


isopropanol 
pentane 
hexane 
octane 


1.9 ± 0.2 
1.5 ± 0.1 
2.5 ± 0.1 
1.8 ± 0.3 


filmwise 
0.8 ± 0.1 
2.3 ± 0.2 
2.1 ± 0.2 


filmwise 
1.2 ± 0.1 
2.4 ± 0.1° 
2.2 ± 0.2 


filmwise 
1.5 ± 0.2 
2.8 ± 0.2= 
2.3 ± 0.2 


"measured at 7.5 


min and 15 min. 









Table 2 | Condensate/lubricant interfacial tensions and spreading 
coefficients 





[mN/m] 


[mN/m] 


[mN/m] 


SclM 
[mN/m 


water 


72 


49 


6 


-104 


toluene 


28 


8 


-38 


-19 


ethanol 


23 


8 


-32 


-15 


isopropanol 


22 


7 


-32 


-1 1 


pentane 


16 


3 


-30 


-1 


hexane 


18 


4 


-32 


-5 


octane 


22 


5 


-34 


-10 



impregnated superomniphobic and micropost textures (Fig. 5b, c). 
We observed that the behavior of pentane condensation on these 
surfaces was strongly influenced by the underlying sohd texture. 
As with condensation on the impregnated nanotexture, the impreg- 
nated superomniphobic texture exhibited sustained shedding of 
drops (Fig. 5b). We also observed that the pinning of shedding drop- 
lets increased over time on the impregnated superomniphobic tex- 
ture. The drops shown in Figs. 5a and b illustrate that this effect was 
much more pronounced on the superomniphobic texture (see also 
Supplemental Videos 2 and 3). 

The increased pinning to the impregnated superomniphobic tex- 
ture can be explained by the larger exposed area fraction of the 
roughness features. The SEM images in Fig. 2d and e show topology 
of the impregnated nanotexture and superomniphobic texture after 
about 10 minutes of pentane condensation. The high area fraction of 
microscale topological features protruding above the lubricant level 
on the impregnated re-entrant texture explains the higher degree of 
drop pinning observed on this surface as compared to the relatively 
smooth impregnated nanotexture" ". 

On the impregnated microposts, the behavior was starkly different 
from the other two impregnated textures. Only a small number drops 
formed and either remained stationary or shed and aggregated at the 
bottom of the sample (Fig. 5c). Supplemental Video 4 also shows that 
contact between drops did not necessarily lead to their coalescence, 
and that in some cases secondary drops on top of primary drops were 
present". After 30 sec, further cooling of the surface did not result in 
formation of any additional drops. We observed that after evapora- 
tion of pentane, triggered by raising the cooling plate temperature, 
the sample had exhibited significant morphological heterogeneities 
not present prior to condensation. 

We attribute the unusual behavior on the impregnated microposts 
to the displacement of the lubricant by the condensate as predicted by 
Eq. 2. Since the roughness of the micropOlars is much lower than that 
of either the impregnated nanotexture or superomniphobic texture, 
the critical spreading ratio that leads to impalement is not as low for 
this surface. As indicated by Fig. 5, all liquids except water have a 
spreading ratio that is sufficiently low to cause impalement of the 
microposts by the condensate. This hypothesis is further supported 
by observation of the morphology of the surface after pentane evap- 
oration. Fig. 5c and S3 shows that the heterogeneities after condensa- 
tion correspond to regions in which oil was displaced from the 
surface. Additionally, the image sequences in Fig. S3c shows that 
Krytox, which accumulated at the bottom of the sample after dewet- 
ting, slowly wicks back in-between the micro-pillars leading to self- 
healing of the lubricant-impregnated surface. 

Discussion 

Enhancement of heat transfer coefficients of low-surface tension 
fluids. To determine the enhancement of dropwise over filmwise 
condensation modes, we measured the heat transfer coefficients for 
ethanol, pentane, and hexane on flat hydrophUic and flat oleophobic 
surfaces. The corresponding values for dropwise condensation were 



also estimated theoretically by substituting the experimentally 
measured droplet departure diameters and average contact angles 
into Kim and Kim's model. For filmwise condensation an equivalent 
heat transfer coefficient was estimated using a linear fit to the Nusselt 
model over AT range of 0 K to 10 K. The plot in Fig. 6 shows close 
agreement between the measured and calculated values. This plot 
also demonstrates a four to eight-fold enhancement in heat transfer 
coefficient for dropwise vs. filmwise condensation for the three 
fluids. We also used the two models to predict the heat transfer 
coefficient enhancement for the remaining fluids on both smooth 
oleophobic surfaces and Krytox-impregnated nanotexture. The plot 
in Figure 6 shows that for all fluids the predicted heat transfer 
coefficient enhancement on smooth oleophobic surfaces was in the 
four to eight- fold range, but was smaller, in the two to six-fold range, 
for the Krytox-impregnated nanotexture. The difference in the 
enhancement value on these two types surfaces stems from the 
thermal resistance introduced by the lubricant layer. 

In summary, we studied the condensation modes of fluids with 
surface tension in the range of 12-30 mN/m on oleophobic, super- 
omniphobic, and lubricant-impregnated surfaces. We demonstrated 
that smooth oleophobic and stable lubricant-impregnated surfaces 
promote continual droplet formation and shedding of a majority of 
the studied fluids, whereas the studied unimpregnated superomni- 
phobic textures become flooded due to nucleation within their 
re-entrant texture. By promoting dropwise condensation, we dem- 
onstrate a four to eight-fold increase in heat transfer coefficient as 
compared to filmwise condensation. This enhancement in heat 
transfer coefficient demonstrated for pentane can significantly 
improve efficiency of organic Rankine cycles used for heat recovery 
from low temperature sources such as biomass combustion, indus- 
trial waste, or geothermal heat sources. Further increases in heat 
transfer coefficients on lubricant-impregnated surfaces could be rea- 
lized by using higher thermal conductivity lubricant, minimizing the 
solid pinned fraction or using a lubricant-solid pair that have positive 
spreading coefficient in the presence of the condensate, which may 
also reduce lubricant drainage. Although the results for most of the 
studied fluids are promising, this study demonstrates the significant 
difficulty in promoting dropwise condensation of ultra-low-surface 
tension liquids, specifically fluorocarbon liquids. Future work should 
be directed toward the development of durable ultra-low-surface 
energy modifiers, and also to lubricants that are not non-wetting 
to fluorinated refrigerants. 

Methods 

Surface fabrication and characterization. The nanostructured superliydrophobic 
alumina-silica surfaces were fabricated using RPX-540 manufactured by Integrated 
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a nano-LIS 




b micro/nano-LIS 




Figure 5 | Effect of texture of lubricant-impregnated surfaces on condensation, (a) Condensation on Krytox- impregnated nanotexture with excess 
lubricant, clearing off by —140 sec. (b) Krytox- impregnated superomniphobic texture with highly-pinned drops, (c) Impregnated microposts are 
displaced by condensing pentane. 



Surface Technologies^^. Briefly, silicon wafers were coated by nanoparticles 
synthesized via vapor phase reaction of trimethylaluminium and water, which were 
then encapsulated in a silicon oxide matrix via atomic layer deposition. The resulting 
nanotexture was functionalized via vapor phase deposition of tridecafluoro-1, 1,2,2- 
tetrahydrooctyltrichlorosilane. Flat silicon wafers functionalized using this coating 
exhibited an advancing water contact angle of 111' ± 4\ 

The re-entrant superomniphobic surfaces were prepared by spray coating a poly- 
mer solution using an airbrush under a pressurized nitrogen stream. Commercially 
available poly{methyl methacrylate) (Sigma, Mw — 102 kDa) was mixed with the low 
surface energy molecule fluorodecyl polyhedral oligomeric sesquisUoxane in a 50/50 
weight percentage ratio. The common solvent used to prepare a solution was the 
commercially available HCFC solvent, Asahiklin AK-225 (Asahi Glass Company). 
The concentration of the solution was 50 mg/ml. The solution was mechanically 
stirred for 8 hours to prepare a clear transparent solution. The solution was then 
sprayed at a pressure of 170 kPa at an operating distance of 20 cm onto a flat sUicon 
wafer, which deposits liquid-repeUent corpuscular microbeads of poly(methyl 
methacrylate)^^ 

The silicon microposts were fabricated using standard photolithography to form a 
pattern of posts with a width of 10 |im and spacing of 5 |j.m, and were then etched to a 
depth of 10 |j.m via deep reactive ion etching. The etched microposts were cleaned 
using Piranha solution {H2SO4 : H2O2 4 : 1) and were functionalized with octade- 
cyltrichlorosUane ( Sigma- Aldrich) using a solution-based deposition method. 
Smooth silicon wafers functionalized using this method exhibited an advancing water 
contact angle of 110 ± 4°. 



Lubricant impregnation of the textured surfaces was achieved by dipping them in 
bath of the Krytox oil. The excess of the oil was removed through gravity draining and 
blowing with nitrogen gas. 

Contact angle measurement. To minimize effects of test liquid evaporation, contact 
angles were measured by a goniometer (rame-hart Model 590 Advanced) in air 
saturated with the vapor of the test liquid. Sample surfaces were supported above a 
small pool of the test liquid inside a quartz test cell whose top was sealed by Parafilm, 
and the test cell was allowed to equilibrate for 10 minutes. After drawing the test liquid 
into a 30-gauge needle, the needle was lowered to puncture through the Parafilm and 
access the sample. A 1 (iL drop was dispensed from the needle to wet the surface, and 
the volume was increased from 1 |J.L to 5 |J.L. The advancing contact angle was 
measured while the contact line advanced across the surface. Similarly, the receding 
contact angle was measured as liquid was withdrawn from the drop and the contact 
line receded across the surface. Measurements were repeated at four different 
locations on each surface. All reported diameter values are averages of four 
measurements with associated standard errors reported with a coverage factor of one. 

Condensation experiments. Visualization of the condensation behavior of different 
fluids was performed inside a condensation chamber (Fig. S2). After mounting of the 
sample using double-sided copper tape on the aluminum back-plate, the bottom of 
the chamber was filled with 25 mL to 100 mL of the liquid. Perfluorohexane (99%, 
Sigma-Aldrich), pentane (99%, Sigma-Aldrich), «-hexane (95%, J. T. Baker), 
isopropanol (99.99%, Fisher), ethanol (99.5%, Sigma-Aldrich), tt-octane (99%, 
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Figure 6 | Measured and predicted enhancement of heat transfer 
coefficients. The predicted filmwise HTC (bare siUcon surface) was 
calculated from linear fit to Nusselt model and the predicted dropwise 
HTC on smooth oleophobic surface (flourosilane) and Krytox- 
impregnated nanotexture (nano-LIS) was calculated using Eq. S2 with 
experimentally-determined departing diameters from Table 3. 
Experimental measurements are indicated with points. 



anhydrous, Sigma- Aldrich), toluene, (99.8%, Sigma -Aldrich) and deionized water 
were used as working fluids. The pressure within the chamber was reduced using 
house vacuum down to about 50 kPa. After pumping down for about 30 s to 60 s, the 
vacuum valve was closed and temperature of the sample was reduced using a water- 
cooled Peltier element mounted to the outer side of the back-plate. Temperatures 
were monitored using a K-type thermocouple placed in a recess drilled into the back- 
plate. To minimize the thermal contact resistance, silicon thermal grease (Dow- 
Corning) was applied between the Peltier element and the aluminum back-plate. The 
sample was illuminated using a ring light (Nikon) and imaged using a CMOS camera 
(ImagingSource) with a lOX objective lens. Images of the condensation process were 
captured for a period of 30 to 90 minutes with frequency of 5 Hz to 0.2 Hz, dependent 
on the rate of condensation of particular fluid. The images were manually analyzed 
using FIJI image analysis software. All reported diameter values are averages of six 
measurements with associated standard errors reported with a coverage factor of one. 
To ensure that residual water vapor in the chamber did not affect the condensation 
process, a control experiment was carried out by evacuatmg the chamber without a 
liquid and reducing the temperature of the back-plate to — 5 " C. No condensation or 
frost formation was observed on the back-plate and mounted silicon wafer after 30 
minutes of cooling, indicating a negligible amount of residual moisture in the 
chamber. 

Heat transfer coefficient measurements. Heat transfer coefficients were measured 
by introducing vapor to a chilled sample surface with diameter 50 mm held in an 
evacuated chamber. The back side of the sample was chilled by forced cooled water. A 
vial of condensate liquid was immersed in a circulating water bath held at 35-40 C 
depending on the vapor pressure of the condensate. A vacuum vent was held near the 
point of heat transfer measurement to exhaust any non-condensable gases that may 
have accumulated in the chamber. Exhaust rates were less than 1 seem and did not 
noticeably perturb condensation behavior. Sample temperatures were measured by 
2252 kOhm thermistors (T337, Redfish Sensors) embedded 25 mm into a metal 
block behind the sample surface at precisely known locations. The thermistors were 
calibrated to ± 0.01' C using a platinum resistance probe (TlOO, Isotech) immersed in 
a circulating bath (FP-25, Julabo) filled with 50/50 water/ethylene glycol held to ± 
O.OT C. The measurements of dT/dx, along with the thermal conductivity of the 
block, were used to determine the surface temperature. Saturated vapor temperature 
was determined from an Arrhenius correlation fitted to the range of 5-20"C, with 
residuals less than 0.01 'C. Saturation pressure was measured by a high-accuracy 
pressure transducer (PXOl Omega) calibrated to ± 0.15% reading against a precision 
manometer (629B, MKS Instruments). Subcooling temperatures were thereby 
measured to accuracies better than 0.08' C. Measurements were taken after the 
apparatus had been allowed to reach steady state for 30 min. 

Certain commercial equipment, instruments, and materials are identified in this 
publication to adequately specify the experimental procedure. Such identification in 
no way implies approval, recommendation, or endorsement by NIST, nor does it 
imply that the equipment, instruments, or materials identified are necessarily the best 
available for the purpose. 
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